Results: An increase in blood pressure at the venous end of the capillary induced an interstitial-fluid volume increase, which, in turn, reduced negative tissue pressure to prevent edema. The lymphatic flow alleviated the edema by both carrying fluid away from the tissue and decreasing the colloidal osmotic pressure. From the model incorporating all three factors, we found that the interstitial-fluid volume changed quickly after the blood pressure change, and that the protein movement towards a certain equilibrium point followed the volume change. 
Conclusion

Introduction
Quantitative analysis of microcirculation at the capillary bed is indispensable when studying systemic circulation. Fluids that circulate through the vessels filter in and out through the membrane at the capillary bed in organ tissues. In order to comprehend the dynamics of complex fluid regulation, it is important to estimate the amount of fluid exchanged at the capillaries quantitatively. Volume regulation, which includes fluid filtration, reabsorption, and formation of lymph, had been discussed using analogue computer simulations in the 1970s and 1980s. [1] [2] [3] They succeeded in simulating steady-state levels and transient responses of the essential physiological parameters involved in volume regulation, such as plasma volume, interstitial volume, and lymphatic flow (LF). However, such system analyses put emphasis on understanding the fluid balance in the whole body, and detailed analysis of the volume change and protein flux at the level of capillary was not feasible in those analyses due to the lack of computational capacity.
At a single capillary level, Curry and Michel 4 suggested the fibre-matrix theory of capillary permeability in 1980. This theory led to the revision of Starling's principle (1886) after a centennial of belief (see Levick's 5 review article). In line with the revision, Adamson et al 6 introduced the idea of subglycocalyx fluid oncotic pressure (˘g) instead of ˘i sf in calculating effective filtration pressure. In this revised theory, they estimated that, in case of steady-state filtration, a subglycocalyx protein concentration was lower than the interstitial protein concentration, and there were smaller gradients between ˘i sf and ˘g, which was assumed to be 70-90% of ˘i sf . However, in case of steady-state absorption, they confirmed that the reversed flow of the interstitial fluid caused reflected protein to accumulate in the subglycocalyx space, and ˘g became larger than ˘i sf to cease the absorption within a few minutes. Although a thorough revision of the hypothesis was a landmark study to look into the detailed function of the capillaries, it is also widely accepted that continuous vasomotion with a cycle time of ∼15 seconds keeps all of the parameters in the system in a transient state. Therefore, in the first stage of our single capillary model, we adopted the classical Starling's principle consisting of four primary forces to move fluids across the capillary membrane: the capillary plasma pressure (P pl ), the interstitial fluid pressure (P isf ), the capillary plasma colloidal osmotic pressure (˘p l ), and the interstitial fluid osmotic pressure (˘i sf ), to evaluate the averaged function of multiple capillaries within tissue. There is also a tissue specific nonlinear relationship between P isf and the interstitial fluid volume (V isf ), which plays a key role in preventing edema. Additionally, the LF, which is regulated by interstitial fluid pressure, carries protein as well as fluid away from the tissue.
In this study, we aimed to construct a realistic and versatile model of fluid exchange based on Starling's principle and included general features of tissue, such as the nonlinear relationship between P isf and V isf (tissue compliance) and the P isf dependency of the LF. Then we applied mathematical analyses to the models to understand the mechanisms of the fluid volume regulation, quantitatively.
Methods
Governing equations for capillary filtration
In the present study, the involvement of the crystalloid osmotic pressure is entirely excluded, and the fluid filtration (J) across the capillary is determined by the following equation based on Starling's principle:
K (mL/ms/mmHg/mm) is the endothelial hydraulic conductance, which is a measure of the capacity of the capillary membrane to filter water per unit capillary length. P E is the effective net filtration pressure that is the sum of four primary forces to move fluids across the membrane, P pl , P isf , ˘p l and isf ;
When P E is positive, there will be a fluid filtration across the capillary membrane. Inversely, if P E is negative, there will be a fluid absorption from the interstitial space into the capillary. Standard pressure values used in calculating P E in the model are listed in Table 1 .
2.2.
Structure of the model
A capillary vessel model
The conformation of the capillary is assumed to be a cylinder (Fig. 1A) . Parameters used in the capillary model are listed in Table 2 . The internal radius of the capillary model (r) is 5 m, and the length of the vessel from the arterial end to venous end (L) is 0.6 mm. It is well known that blood flow through each capillary is intermittent because of vasomotion, which is caused by intermittent contraction of metarterioles and precapillary sphincters. There are so many capillaries present in living tissue that their overall function becomes averaged. Therefore, in the present model, the average function of the capillary will be discussed. Original interstitial fluid volume 6.0 × 10
Instantaneous equilibrium point of interstitial fluid volume at time (t) L 
Determination of the permeability for capillary
On the capillary wall, there are intercellular clefts at the junction between adjacent endothelial cells. The size of the clefts, or the pore size of the glycocalyx sieve, is large enough for the H 2 O molecules and most small water-soluble substances, but is obviously too small for plasma proteins to permeate. In our model, this permeability of the capillary is represented as K, and is estimated by assuming that 8-mmHg filtration pressure causes, on average, ∼1/200 of plasma of flowing blood to filter out of the arterial ends of the capillary and into the interstitial spaces each time the blood passes through the capillaries. 7 It is also assumed that one half of the capillary (L/2) is the arterial end, 60% of the blood is plasma (H c = 0.4; Fig. 1A ), and the velocity of capillary blood flow is v (1.0 × 10 −3 mm/ms). K is determined as follows: 
Estimation of the interstitial fluid volume in relation to blood volume for a single cylinder capillary model
We introduced the idea of the Krogh muscle cylinder to estimate the interstitial fluid volume supplied by a single capillary. 8 The radius of the Krough muscle cylinder (rK) varies between 18 m and 36 m, depending on the metabolic demand of the tissue. Here, we assumed the most perfused condition having the smallest rK value of 18 m. The radius (r) and the length of the capillary (L) is 4 m and 600 m, respectively. Considering that 89% of the muscle is occupied by cells and the rest by the extracellular fluid, the interstitial fluid volume could be calculated by the following equation:
We used this value as the initial interstitial fluid volume, V 0 isf .
Mathematical formulations for simulation
We developed four models sequentially by introducing three safety factors in preventing edema: (1) low tissue compliance in negative pressure range; (2) increased LF; and (3) protein washout by the LF, and clarified the involvement of these factors in the interstitial-fluid volume regulation. In Model 1, there were two volumes with different hydrostatic and colloidal osmotic pressures, capillary, and the interstitial fluid. They exchanged fluid across the membrane, but not for the protein. Then, the nonlinear compliance of the tissue was implemented in Model 2 to determine the effect of the small tissue compliance in the range slightly negative to the atmospheric pressure. In order to clarify the effect of LF, we firstly assumed that the lymph carried only fluid in Model 3. Based on Model 3, we finally developed a full capillary model with the protein dynamics in Model 4. Equations corresponding to into N (60 in our model) compartments along the x-axis as in Fig. 1B to calculate plasma flow within a capillary in a discretized manner.
The plasma flux between the ith and the (i + 1)th compartment is expressed as j v,pl (t, x i ) and calculated by the following equation:
where v pl (t, x i ), x, and v flow are the plasma volume of the ith compartment, the length of each compartment, and the velocity of capillary plasma flow in the capillary, respectively. Now we assume that the capillary wall is facing the interstitial-fluid space of the tissue, which has different P and ˘, and the pressure difference across the wall forces fluids to permeate between the capillary and the tissue. From the governing equations, Eqs. (1) and (2), the trans-capillary fluid flux at the ith compartment [j v,C (t, x i ) (L/ms/mm)] is calculated from the fluid hydrostatic pressure and colloidal osmotic pressure differences between plasma and interstitial fluid [p pl (x i ), P isf , pl (t, x i ), and ˘i sf (t) (mmHg)], as a function of axial position in the capillary [x i (mm)) and time (t (ms)] as follows:
Taken together, the inflow and outflow of the plasma volume in the ith compartment, the change in v pl (t, x i ) (L) is calculated as:
It is known that the red blood cell size is similar to that of the capillary diameter. Therefore, the plasma flow in our capillary model is assumed to be similar to plug flow rather than laminar flow, assuming rapid radial diffusion. The fluid flux between each capillary compartment and the interstitial fluid space accumulates and changes the interstitial fluid volume, V isf (t). The integration of the fluxes is calculated by the following discretized equation using the term, J v,c (t) (L/ms/mm; Fig. 1B ): 
where P pl,a and P pl,v are the plasma hydrostatic pressures at the arterial and venous ends of the capillary, respectively. In Model 1, P isf is fixed to a given value:
Equations for calculating colloidal osmotic pressure in plasma and interstitial fluid.
As the serum proteins are not assumed to move across the capillary membrane in Model 1, the amount of protein stays constant. Therefore, the colloidal osmotic pressures for plasma pl (t, x i ) (mmHg) and interstitial fluid ˘i sf (t) (mmHg) are given by the following equations, respectively: 
where f 1 represents an equation fitted to the experimental data. 9 
Model 3 2.3.3.1. Estimation of the LF.
LF is known to increase as the interstitial fluid pressure rises, but it reaches an upper limit when the interstitial fluid pressure rises above a certain level (Fig. 2B ):
where f 2 is obtained by fitting an equation to the relationship given by Taylor et al 10 and rescaled by multiplying the scaling factor, s = 9.7922 × 10 −12 (L/ms), to balance with the net filtration at the capillary. As the LF carries fluid from the interstitial space to the lymphatic capillaries (Fig. 1C) , the volume change of the interstitial fluid is expressed as: taken into account to refine the model of fluid-volume regulation. It is known that there is a 'large pore system' that transports plasma proteins through the membrane (Fig. 3A) . Additionally, a small amount of protein dissolved in plasma or interstitial fluid leaks through the membrane in the process of fluid convection. Therefore, the protein flux carried out by blood flow through capillary vessels [j q,pl (t, x i )] and the sum of the protein flux carried by the large pore sys- tem by diffusion and fluid convection across the capillary membrane [j q,C (t, x i )] are calculated for each compartment as follows:
where j q,pl (t, x i ) or j q,C (t, x i ), q pl (t, x i ), G p , c pl (t, x i ) or C isf (t), and R are protein fluxes along the capillary or across the capillary membrane, the quantity of protein in plasma, protein permeability through the large pore system, protein concentration in plasma or interstitial fluid, and relative protein permeability of the membrane to water, respectively. Then, similar to J v,C (t), integrated fluxes for the protein are calculated by the following discretized equation using the term J q,C (t) (g/ms/mm):
The removal of plasma proteins by LF is given by:
The concentrations of protein [c pl (t, x i ) and C isf (t)] are calculated from the amounts of protein [q pl (t, x i ) and Q isf (t)] and the fluid volumes [v pl (t, x i ) and V isf (t)].
The relationship between plasma protein concentration and colloidal osmotic pressure was given by a cubic equation (Fig. 3B) in the literature. 8 We fitted a secondary equation to the relationship as f 3 (Fig. 3B ) and calculated the colloidal osmotic pressures for the plasma and the interstitial fluid [ pl (t, x i ) and isf (t)] as follows:
An experimental protocol and the pressure balance analysis
All models were examined by applying a common perturbation to the capillary pressure, namely, P pl,v was changed in a stepwise manner as P pl,v = 15 → 17 → 15 → 13 → 15 mmHg, with a 100-minute interval. In Model 4, the LF could be modified by changing the scaling factor, s, in Eq. (12). We reduced s to 10% of the original value for the simulation of the lymphatic obstruction.
Contributions of each component to tissue-volume regulation in the simulation experiment was demonstrated by piling inward and outward driving forces separately with positive and negative signs, respectively, referring to the direction towards the tissue space (Figs. 4-8B) . In this analysis, the hydrostatic and colloidal osmotic pressure of individual capillary spaces were averaged asP pl , and¯p l (t). and
In case of Models 3 and 4, the LF (J v,LF (t)) makes small but significant contributions to
. 
Instantaneous equilibrium points and eigenvalue analyses
We derive an instantaneous equilibrium value of V isf (t) as V isf,L (t), to which V isf (t) tends to approach at a given time. the equation, we have slightly modified the calculation method proposed by Shimayoshi et al. 11 We applied Newton's method to obtain an x-intercept of a tangential line of y = J v V isf (t) iteratively by changing V isf (t), and detected a point at which J v (V isf (t)) becomes <10 −4 .
In order to understand the dynamics of the system around the steady-state point, a phase plane was plotted around the steady-state point (V isf = 6.305 × 10 −5 L, Q isf = 1.997 × 10 −4 g) at a control condition of P pl,v = 15 mmHg in Model 4.
When we define a Jacobian matrix, A, for the system at the steady-state point at a control condition of P pl,v = 15 mmHg in Model 4, eigenvalues, 1 and 2 , and corresponding eigenvectors, x 1 and x 2 , are obtained. Then, 1 = − 
Results
A simple capillary base model (Model 1)
First, in Models 1-3, we assumed that the capillary membrane was only permeable to water. Fig. 4A shows the time course in V isf (t), V isf,L (t) and ˘i sf (t) in Model 1 induced by perturbations changing P pl,v as indicated in Section 2. When P pl,v was increased by 2 mmHg from a control value of 15 mmHg at t = 100 minutes, P E , calculated by Eq. (2), became positive and the fluid filtered out from the capillary. As a result, V isf (t) increased by 81% within 100 minutes (Fig. 4A , ∼100-200 minutes; Table 4 ). Switching P pl,v back to the original level of 15 mmHg allowed V isf (t) to return to the basal level of V 0 isf . Next, P pl,v decreased by 2 mmHg from the original level and switched back to the original level of 15 mmHg. This 2 mmHg decrease, which was the same in size as the P pl,vstep increase, induced a smaller (∼-25%) decrease in V isf (t), and reached a steady-state level (Fig. 4A , ∼300-400 minutes) and returned to the basal level of V 0 isf with a relatively rapid time course (∼400-500 minutes). To identify the cause-effect relationship, we calculated an instantaneous equilibrium point, V isf,L (t), and plotted this with a red line (Fig. 4A) . It was clearly shown that, after P pl,v change, V isf (t) gradually approached V isf,L (t) as fluid filtration or absorption proceeded until it reached a new steady state. ˘i sf (t) changed according to the V isf (t) change by Eq. (11) . The deviation of ˘i sf (t) from the initial value at each steady state after changing P pl,v positively and negatively by 2 mmHg was approximately equal to the change inP pl .
In order to obtain further insights into the mechanisms underlying the volume change, we applied the pressurebalance analysis as shown in Fig. 4B . As P pl,v was changed manually in a stepwise manner,P pl was changed accordingly (red area). Since P isf is fixed to −3 mmHg in Model 1, ˘i sf (t) is the only parameter in the pressure balance that can be actively changed by fluid movement to reach a new steady state after P pl,v change. According to the diagram, ±2 mmHg P pl,v change at t = 100, 200, 300, and 400 minutes broke the balance between positive and negative pressures in P E , and the resultant filtered or absorbed fluid flux calculated by Eqs. (6) and (7) induced V isf (t) change towards V isf,L (t), which, in turn, changed ˘i sf (t) to cancel the pressure imbalance. 
Effects of the nonlinear tissue compliance on the model (Model 2)
Compliance is one of the fundamental properties of the tissue and specifies characteristic behaviour of the tissue in relation to volume change. The relationship between the interstitial fluid pressure and the volume was obtained from an experiment performed on dogs, 12 and P isf = 3 mmHg [Eq. (9)] in Model 1 was substituted with P isf (t) = f 1 [V isf (t)] [Eq. (9 )] in Model 2. The same stepwise change of P pl,v as in Fig. 4 induced smaller changes compared to Model 1 ( Table 4 ). The steep slope of the fitted equation, f 1 , in the range slightly negative to atmospheric pressure meant that slight changes in V isf (t) effectively changes P isf (t) to resist volume change and induces a strong negative feedback in the V isf (t) change. V isf,L (t) in Model 2 (red line in Fig. 5A ) was more closely followed by V isf (t), and its deviation from the original level induced by P pl,v change was much smaller as compared to that seen in Model 1, suggesting that the volume regulation by nonlinear tissue compliance was more efficient at preventing the swelling of the tissue in this model. In Fig. 5B , it is evident that the perturbation inP pl was almost totally balanced by P isf (t).
Draining excess interstitial fluid as lymph (Model 3)
The introduction of the drainage by LF induced much smaller deviations in V isf (t) as compared to Models 1 and 2 when positive and negative changes were applied to P pl,v in Model 3 (Table 4) . V isf,L (t) was almost superimposable over V isf (t), suggesting that the control of the interstitial fluid volume was effectively accomplished by the change in the LF. The contribution of the lymph drainage to interstitial-fluid volume regulation was then analyzed by the pressure balance diagram in Fig. 6 . The lymph pumped interstitial fluid away from the tissue, therefore, contribution of LF divided by K to the pressure balance was negative, as shown at the bottom of the diagram (Fig. 6B ). As this negative contribution of LF increased the net negative pressure, −P isf (t) , the pressure-balance diagram became larger to balance with the negativity. The same ±2 mmHg change in P pl,v induced smaller changes in −P isf (t) and −˘i sf (t) as compared to the changes in Model 2, because LF played a role in offsetting the stepwise changes in P pl,v instead of changing −P isf (t) and −˘i sf (t). V isf,L (t) in Model 3 was almost superimposable over V isf (t), indicating that, due to the contribution of LF, P E became zero immediately after the stepwise change in P pl,v .
Lymphatic flow carries protein away from the tissue (Model 4)
We implemented protein permeation across the capillary membrane and wash out by lymph into Model 3 to develop Model 4 (see Table 3 for the modifications in equations). When positive and negative changes were applied to P pl,v in the model, fluid moved to the interstitium from the capillary and made a jump in V isf (t). After the initial jump, V isf,L (t) kept changing and influenced V isf (t) until it reached a steady state, which was closer to a value obtained at P pl,v = 15 mmHg in control conditions as compared to Models 1-3 (values are compared in Table 4 ). It should be noted that the change in V isf,L (t) was biphasic in Model 4, which was different from the monophasic simple time courses observed in those of Models 1-3. The late gradual change in V isf,L (t) seemed to coincide with that in Q isf (t). Therefore, we calculated Q isf,L (t) and plotted the results together with Q isf (t) in Fig. 7A . The results revealed that the jump in V isf,L (t) induced a large driving force in Q isf,L (t) in the initial phase after the perturbation, which led Q isf (t) to keep changing in the later phase.
Simulated swelling induced by lymphatic obstruction
In order to understand the mechanisms associated with pathophysiological swelling, we performed a simulation experiment using our model (Model 4) to reproduce the effect of lymphatic obstruction. In this experiment, the amplitude of LF was scaled down to 10% of its original value. After the obstruction at the time of 100 minutes, V isf,L (t) increased continuously and did not reach a steady state within 400 minutes (Fig. 8A) . From the pressure-balance diagram in Fig. 8B , it is evident that ˘i sf (t) increased dramatically after the obstruction, whereas P isf (t) reduced its contribution complementarily. It was surprising that the reduction in the contribution of the LF at the bottom of the pressure-balance diagram was rather small compared to the change in ˘i sf (t) and P isf (t). This result suggested that the major effect of the lymphatic obstruction occurred through the change in Q isf (t), which, in turn, increased ˘i sf (t) and reduced −P isf (t) dramatically favouring increases in the positive pressure in P E to cause swelling effectively. In case of edema in pathophysiological conditions, it is known that interstitial compliance becomes higher and less effective to prevent swelling. 12, 13 This effect could be implemented simply by introducing a pathological compliance curve into the model.
Discussion
We showed that the same positive and negative stepwise change in P pl,v induced various impacts on four different models developed sequentially. To obtain further insight into the mechanisms underlying V isf (t) and Q isf (t) changes in the full model comprising nonlinear tissue compliance, lymphatic flow, and protein wash out (Model 4), we performed three mathematical analyses: 1) phase-plane analysis, 2) calculating instantaneous equilibrium points, and 3) calculating eigenvectors and eigenvalues from a Jacobian matrix.
In the phase-plane analysis in Fig. 9A , the flow vectors of V isf (t) and Q isf (t), which correspond to J v (t) and J q (t), are plotted. Two bent arrows indicate the trajectories of V isf (t) and Q isf (t) obtained when the venous pressure was returned to 15 mmHg (green circle) from 17 mmHg (red circle) or 13 mmHg (blue circle). In both cases, it was confirmed that first, V isf (t) changed to compensate the ±2 mmHg change in the pressure at the venous end of the capillary. Then, Q isf (t) gradually changed and V isf (t) reversed the direction of its change. Here, it should be noted that the phase plane was calculated at an instant when the system was in the steady state and might be valid only in the area near the steady-state point of the figure. In order to determine whether the model behaviour was stable in the surrounding area near the steady state, we calculated instantaneous equilibrium points for both J v (t) and J q (t) in a range used in our simulation experiment in this study and plotted in Fig. 9A .
From the result of the instantaneous equilibrium points, we confirmed that J v (t) and J q (t) had negative slopes and crossed each abscissa axis only once, even when P pl,v was changed, suggesting that the behaviour of the system would not be changed significantly after changing P pl,v from 17 mmHg or 13 mmHg to 15 mmHg. Then, J v (t) and J q (t) in the instantaneous equilibrium point in Fig. 9B and 9C were reviewed in relation with the phase plane (Fig. 9A) . At the x-intercept (V isf = 6.58 × 10 −5 L) in the instantaneous equilibrium point diagram for J v (t), the flow vector of V isf (t), J v (t), in the phase plane changed its direction when Q isf (t) was at the steady state, J q (t) = 0. The red and blue lines in Fig. 9B were obtained at the red and blue points in the phase-plane diagram in Fig. 9A when P pl,v was switched to 15 mmHg from 17 mmHg or 13 mmHg.
Both red and blue lines tended to approach the green lines when the transient changes in V isf (t) and Q isf (t) proceeded after switching P pl,v , and converged with the green line at the steady state in Fig. 9B . Similarly, in the instantaneous equilibriumpoint diagram for J q (t), the Q isf (t) component of the vectors, J q (t), in the phase plane changed its direction at the x-intercept (Q isf (t) = 8.42 × 10 −4 g) V isf (t) was at the steady state, J v = 0. Red and blue lines also converged with the green line at the steady state in J q (t) in Fig. 9C . Taken together, we confirmed that the system was stable and did not change its behaviour significantly when P pl,v was changed by ±2 mmHg.
Finally, we obtained a Jacobian matrix from differential equations at P pl,v = 15mmHg and derived eigenvectors and eigenvalues of the system at the steady state. We determined that the values along the trajectory of V isf (t) and Q isf (t) after switching P pl,v to 15 mmHg from 17 mmHg or 13 mmHg were not largely different from those obtained at the steady state (Table 5 ). Both eigenvalues, 1 and 2 , were negative, suggesting that the equilibrium point was stable. 2 was almost 22-fold larger than 1 , suggesting that the change in the direction of x 2 , which was determined mostly by the Q isf (t) component, was 22-fold lower compared to that of x 1 , which was determined by the V isf (t) component and a smaller Q isf (t) component. These results could explain why the changes in V isf (t) and Q isf (t) after the change in P pl,v were asynchronous.
The more a mathematical model becomes integrative, the more difficult it becomes to investigate the mechanisms underlying the behaviour of the system. In this study, we tried to understand the mechanisms of the interstitial fluid volume regulation by sequentially adding three components of the system to the basal model of capillary (Model 1), nonlinear tissue compliance (Model 2), LF (Model 3), and protein washout (Model 4), and applying mathematical analyses to each model. As to Models 1-3, in which only fluid, but not protein, was allowed to move, it was shown that the fluid flux across the capillary membrane and through the lymph led V isf (t) to follow the change in V isf,L (t). Both the nonlinear compliance of the tissue and the LF added in Models 2 and 3 accelerated the volume change reaching a steady state. In Model 4, there was characteristic behaviour of the system, where the change in V isf,L (t) was biphasic. To investigate the mechanisms of the biphasic change, we calculated the eigenvalues and time constants of the system in order to understand the model behaviour. The obtained eigenvalues offered us a quantitative insight that there were two different tendencies for the movement within the system; fast and slow movement. The fast component was mainly influenced by the fluid that changed V isf (t), and the slow component was influenced by the protein that changed Q isf (t). Given the higher mobility of the fluid compared to that of the protein into account, it was reasonable to think that the pressure imbalance induced externally was minimized by the quick fluid movement first, and then in the later phase, the contribution of the hydrostatic pressure and the colloidal osmotic pressure within the pressure balance were adjusted by the movement of the protein.
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